shown that KBI could reduce the thrombus attached to the jailed struts at the SB ostium and improve the outcomes of the SB. 5, 6 However, the COBIS registry revealed that the KBI group had higher rates of major adverse cardiac events and MV target lesion revascularization than the non-KBI group. 7 In addition, KBI was shown to create a significant elliptical overexpansion of the MV lumen. 8 Proximal optimization technique (POT) is mandatory in bifurcation interventions to get larger lumen in the proximal MV stent, to reduce malapposed struts in the proximal MV stent and to better open the SB ostium. 9 However, further studies showed that, despite using POT, C-KBI in the provisional stenting strategy could not improve the angiographic or the clinical outcomes. 7, [10] [11] [12] This was mainly attributed to the geometric deformation of the MV stent and MV intimal injury, both of which might result in suboptimal MV outcomes. 7, 8, 10, 11, 13, 14 Due to the negative effects of C-KBI on the MV and the "turning turtle" of POT, it is critically essential to modify the KBI procedure. In a coronary model, using bench photos, videoscope, micro-CT, microscopy, and IVUS, this study investigated the effects of an optimized KBI procedure, mini-KBI (M-KBI), followed by POT, to optimize stent geometry and strut apposition in provisional bifurcation stenting. performed. In the two KBI protocols, KBI was both performed with a 3.5 and 3.0 mm balloons in the MV and SB, respectively. Two non-compliant balloons were juxtaposed within the MV stent in the C-KBI group (n = 6), while the SB balloon only protruded into the MV at the upper edge of the SB ostium in the M-KBI group (n = 6). The two balloons were simultaneously inflated and deflated. Then, POT was performed using a 4.0 mm balloon.
| MATERIALS AND METHODS

| Model, stents, and provisional stenting protocols
All stents (Xience V) and balloons (NC TREK) were provided by Abbott Vascular, Santa Clara, CA, USA. Stents were deployed at nominal pressures. SB inflation and KBI were performed at 10 atm (to avoid this distal sliding of the SB balloon during M-KBI, we suggest that the SB balloon should be inflated before the MB balloon at 4-6 atm to stabilize itself at the SB ostium. Then the two balloons are to be inflated simultaneously to 10 atm), and POT was performed at 16 atm.
| Bench photo, videoscope, micro-CT, and microscopy
The model configurations were analyzed by bench photo, videoscope, Micro-CT, and microscopy before and after POT. Bench photos were taken by the ELMO Visual Presenter System (Logan Electric Specialty
Mfg. Co., Chicago, USA). The models were scanned using an IPLEX TX videoscope (OLYMPUS Ltd, Tokyo, Japan) from the distal to the proximal stent using a scope articulation controller. Three-dimensional reconstruction of Micro-CT (Skyscan-1172CT, BRUKER, Belgium)
allowed high-precision analysis of the stent configuration. Stents were examined by a microscope (JSM-6510, JEOL, Japan).
| IVUS
IVUS images were acquired with an Eagle eye platinum coronary imaging catheter (Volcano Therapeutics, Alajuela, Costa Rica) before and after POT. As shown in Figure 2 , stents were analyzed by IVUS at the line beyond KBI (red), the line within KBI (purple), the line in carina, was proposed in our previous study. 15 
| Statistical analysis
All measurements were repeated at least twice and an average of the repeated measurements was used. Statistical analyses of data employed one-way analyses of variance. A P-value < 0.05 was considered to be statistically significant. All data are expressed as the means ± standard deviations. 3.2 | M-KBI also rectified the MV stent malapposition, without notable stent deformation, overexpansion, or the "bottleneck" effect, while POT optimized the MV strut apposition
With the guidelines of M-KBI followed by POT, stent configurations were acquired by bench photos, videoscope, micro-CT, and microscopy.
Bench photos ( Results at the line in carina were shown in Figure 7A . Compared with the reference diameter (4.0 mm), the mLDs in both the C-KBI + POT (3.73 ± 0.18 mm, P > 0.05) and M-KBI + POT (3.82 ± 0.08 mm, P > 0.05) groups were not significantly different.
However, the MLD after C-KBI was larger than the reference diameter Results at the line within KBI were shown in Figure 7B . Similarly, the mLDs in both the C-KBI + POT (3.87 ± 0.05 mm, P > 0.05) and M-KBI + POT (3.87 ± 0.08 mm, P > 0.05) groups were not significantly different compared with the reference diameter (4.0 mm).
C-KBI resulted in an MLD much larger than the reference diameter , P < 0.005). Unfortunately, the "bottleneck" effect retained after POT. The CSA within KBI and beyond KBI were 14.8 ± 1 and 11.72 ± 0.26 mm 2 , respectively (P < 0.001), indicating that POT could not rectify the overexpansion induced by C-KBI. In the M-KBI or M-KBI + POT groups, the differences in CSA were not statistically significant at 8.38 ± 0.31 and 8.37 ± 0.31 mm 2 in the M-KBI group, respectively (P > 0.05), and 12.3 ± 0.09 and 12.32 ± 0.08 mm 2 in the M-KBI + POT group, respectively (P > 0.05). These findings confirmed the micro-CT and microscopy results, showing that C-KBI, even followed by POT, resulted in an overexpanded stent with a notable "bottleneck" effect, whereas M-KBI + POT resulted in a properly sized stent. Figure 7D showed that all the SBO sizes in the C-KBI and M-KBI groups, both before and after POT, were similar to the SBO reference diameter of 3.0 mm (P > 0.05), indicating that C-KBI and M-KBI both resulted in a well-opened SBO.
FIGURE 4
Representative videoscope photos and micro-CT images of C-KBI followed by POT. A, The distal part of the stent in the MB. B and C, The stent was deformed and overexpanded in the area within KBI with a well-opened SBO (yellow filled triangle). D, In the area beyond KBI, the stent was not notably deformed or overexpanded. E-G, Micro-CT longitudinal reconstruction of the stent in the C-KBI + POT group. H-K, Cross reconstruction of the stent in the C-KBI + POT group. The abbreviations are the same as those in Figure 1-3 4 | DISCUSSION C-KBI has shown some benefits in the one-stent bifurcation approach. 16 These benefits may be mainly due to its ability to improve the outcomes of the SB. However, C-KBI after provisional bifurcation stenting has failed to provide benefits for the MV, as several studies (eg, THUEBIS study, Nordic-Baltic bifurcation study III and COBIS registry, etc) have revealed unsatisfactory clinical outcomes.
7,10,11
| Mechanisms underlying the undesirable effects of C-KBI
The undesirable effects of C-KBI are mainly attributed to asymmetrical stent deformation in the proximal part of the MV stent. Stent deformation has been shown to be associated with thrombosis. 17 As previously proven in animal coronary models, asymmetric stent expansion and the subsequent vascular injury determined restenosis after stenting. 18, 19 Shear stress on the vessel walls would likely change due to the loss of regular circular vessel configuration. In addition, low shear stress has been shown to correlate with the localization, development and progression of atherosclerosis, and the neointimal thickness after stent implantation as well. 20, 21 Supplementary Figure S1A shows the simulative cross-sectional configuration changes of the MV lumen, MV stent, and two juxtaposed balloons within the C-KBI area in the C-KBI + POT group. Following C-KBI, the two inflated balloons hugging together produce a subelliptical stent with an overly long major axis (ie, MLD) on the cross-section. The expected MLD is the summed diameter of both balloons, which is much higher than the MV lumen diameter. Consequently, the deformation in the proximal part of the MV stent caused by the two hugging balloons in C-KBI appears to be inevitable. Our present study demonstrated that C-KBI led to MV stent deformation and the "bottleneck" effect, both of which may induce unexpected changes in rheological strain and fluid dynamics and may be related to the high risk of stent restenosis and unsatisfactory clinical outcomes. Unfortunately, POT could only partially rectify the deformation and the "bottleneck" effect. Remarkably, the DI in the M-KBI group was significantly lower than that in the C-KBI group both before and after POT procedure, indicating no notable deformation. In addition, there was no overexpansion or "bottleneck" effect in the M-KBI group both before and after POT. Stent overexpansion also plays an essential role in the undesirable effects of C-KBI. As shown by previous studies, stent overexpansion is counterproductive. 22, 23 In the present study, stent overexpansion (in diameter and even much more in area) within the KBI area caused by C-KBI could not be rectified by POT. However, M-KBI, with only one balloon in the MV stent, did not lead to overexpansion of the stent.
Consequently, as shown in our study, the diameter and CSA mismatch between the segments within KBI and beyond the KBI area were subtle and negligible, indicating that M-KBI did not cause overexpansion or the "bottleneck" effect.
Other mechanisms may also account for the negative outcomes of C-KBI. First, we can see in Supplementary Figure S1A that the two hugging balloons in the MV stent produce two "tunnels" within the stent ellipsoid (the black dash area), in which the stent struts remain insufficiently deployed. This phenomenon may be similar to the circumstance in which two stents are parallelly deployed in a large left
FIGURE 6
Representative videoscope photos, micro-CT and microscopy images of C-KBI followed by POT. A, The distal part of the stent in the MB. B and C, In the area within KBI, the stent maintained its circular configuration and struts were well-apposed with a well-opened SBO (yellow filled triangle). D, In the proximal part of the stent beyond the KBI area, the stent maintained its circular configuration and was not overexpanded. E-G, Micro-CT longitudinal reconstruction of the stent in the M-KBI + POT group. H-J, Cross reconstruction of the stent in the M-KBI + POT group. K and L, Representative microscopy images of the stent after M-KBI followed by POT. The abbreviations are the same as those in Figure 1-3 main (Supplementary Figure S1B) . Second, the two kissing balloons may be more inclined to be paralleled by C-KBI instead of angled by M-KBI. This "geographic loss" in the carina due to the overly small angle of the two balloons may induce malapposition in this area. Last, the nonuniform distribution of the eluted drug in the local artery caused by deformation and overexpansion may lead to worse long-term outcomes.
| Attempts to overcome the drawbacks of C-KBI
To minimize the defects of C-KBI, minimal overlapping of the two kissing balloons (2-3 mm) was proposed by Murasato et al. 24 However, this "minimal overlapping" may not be applicable to all circumstances due to different diameters and angles of the SB. In the present study, we suggested that it would be more reasonable to position the MB balloon for M-KBI at the same site as in C-KBI and to protrude the SB balloon into the MV at the upper edge of the SB entrance. This configuration provided full carina coverage and resulted in a fully opened SB ostium, while avoiding asymmetrical stent deformation and overexpansion by placing only one MB balloon in the MV during kissing. Additionally, the CSA mismatch between the segments within and beyond the KBI area was subtle and negligible, indicating no "bottleneck" effect. POT is mandatory to assure well-apposition of the stent struts. Additionally, by using only one MB balloon in the MV during kissing, the "tunnels" within the stent were nonexistent, further preventing insufficiently deployed stent struts. Moreover, the SB balloon was at natural angles to the MB balloon according to the natural anatomy of the bifurcation, which may further prevent "geographic loss" in the carina. Non-uniform distribution of drug in the local artery also did not occur.
In addition, M-KBI may facilitate the application of bioresorbable scaffolds in bifurcations. The M-KBI in BRS could avoid overexpansion in the proximal main vessel and breaks of the BRS struts by extending SB balloon only a short distance into the main branch, limiting the length of main branch scaffold exposed to the inflation of two balloons. Statistical analysis of stent configuration in the C-KBI and M-KBI groups both before and after POT. A, Analysis of the mLD, MLD, DI, and CSA at the line in carina in the four groups (C, M, C + P, and M + P). B, Analysis of the mLD, MLD, DI, and CSA at the line within KBI in the four groups. C, CSA mismatch between the lines in carina and within KBI ("bottleneck" effect). D, SBO size in the four groups when compared to the reference SBO. *P < 0.05; **P < 0.01; ***P < 0.001; NS, P > 0.05. C, C-KBI group; C + P, C-KBI + POT group; CSA, crosssectional area; DI, deformation index; M, M-KBI group; mLD, minimal lumen diameter; MLD, maximal lumen diameter; M + P, M + KBI + POT group; NS, not significant; Ref., reference; and other abbreviations as in Figures 1 and 2 C-KBI and may help retain the circular stent configuration, thereby avoiding the "bottleneck" effect. Additionally, POT was necessary after M-KBI to postdilate the proximal MV stent.
| CONCLUSIONS
Our experimental findings confirmed our hypothesis that the provisional stenting technique may be optimized with M-KBI followed by POT, which has the following advantages: avoiding notable stent deformation, avoiding stent overexpansion, avoiding "bottleneck" effect, rectifying the malapposition caused by SB inflation and ensuring a well-opened SB ostium. M-KBI followed by POT is recommended to optimize stent deployment in the provisional stenting strategy.
| LIMITATIONS
There are some limitations to our study. 
